The pathogenesis of inhibitory antibodies has been the focus of major scientific interest over the last decades and several studies on underlying immune mechanisms and risk factors for formation of these antibodies have been performed with the aim of improving the ability to both predict and prevent their appearance. It seems clear that the decisive factors for the immune response to the deficient factor are multiple and involve components of both a constitutional and therapy-related nature. A scientific concern and obstacle for research in the area of hemophilia is the relatively small cohorts available for studies and the resulting risk of confounded and biased results. Careful interpretation of data is recommended in order to avoid treatment decisions based on a weak scientific platform. This review will summarize current concepts of the underlying immunological mechanisms and risk factors for development of inhibitory antibodies in patients with hemophilia A, and discuss how these findings may be interpreted and influence our clinical management of patients.
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Introduction
Understanding of the pathophysiological mechanisms leading to the development of inhibitory anti-FVIII antibodies in patients with hemophilia A has improved considerably over the last two decades. It is clear that the process is multifactorial and involves cells, cytokines and other immune regulatory molecules, the level and action of which are both genetically and non-genetically defined. Despite improvements in understanding, we remain unable to fully predict the immune response to the deficient factor and inhibitor risk at the onset of replacement therapy. There are several ongoing efforts aiming to achieve more accurate methods for prediction, and others to develop non-immunogenic hemostatic options, but these remain opportunities for the future. Findings continue to emerge regarding risk factors and potential immune mechanisms of significance for the outcome, but until new results have been sufficiently confirmed through replication and the mechanisms of action in humans better defined, the chances of withholding a beneficial treatment or administering one associated with an adverse outcome are increased. Efficacy and safety should be the guiding principles for all treaters in the environment of cost constraints in which they act. This review will summarize current data-based findings and interpretations of how and why inhibitory antibodies develop in patients with hemophilia A and explore how the findings may or may not influence our daily practice.
Immune response to factor VIII
The initiation of an immune response and formation of high-affinity polyclonal antibodies towards FVIII requires endocytosis of the infused molecule by antigen presenting cells (APC), e.g., dendritic cells, macrophages and/or B-cells, processing intracellularily in the endosomes, and presentation of antigen-derived peptides via the HLA class II molecules on inhibitory effect on endocytosis by the monoclonal antibody KM33 which targets an epitope in the FVIII C1 domain 3 . The potential role of the von Willebrand factor (VWF) as an immunoprotective chaperone for FVIII is not clear, but it may act by antigenic competition and/or by reducing endocytosis of the FVIII molecule in a dose-dependent manner, thereby preventing activation of immune effectors 4, 5 .The importance of cross-talk between APC and CD4+ T-cells has been shown in animal models using antibodies toward co-stimulatory cell surface molecules interfering with the binding to CD40 ligand, CD 80/86 and CTLA4 [6] [7] [8] [9] [10] [11] . In addition, for the CD4+ T-cells to become activated and acquire the capacity to stimulate antigen-specific B-cell differentiation into antibody-secreting plasma-cells and/or memory Bcells, additional triggers or alert signals are often required 12 . These signals -often termed danger signals -can arise from different sources, but will mainly be released by cell death, tissue damage, stress and systemic inflammatory responses, e.g., interleukins, heat shock proteins, adenosine triphosphate (ATP), reactive oxygen species, and growth factors 13 .
Whether a T-cell independent immune response towards FVIII is evoked producing FVIIIspecific antibodies is not completely clear, but could potentially be of relevance for the formation of non-neutralizing antibodies and/or low-affinity antibodies 14 .
The neutralizing antibodies are mainly of the IgG1 and IgG4 subtypes and the epitopes recognized are located on both the light and heavy chains of FVIII with a preference for the A2 and C2 domains 15 , although several epitopes of both neutralizing and non-neutralizing types located outside these, some in the B domain, have also been described 16, 17 . The main mechanism by which the antibodies neutralize the factor is by steric hindrance, but the formation of immune complexes and subsequent enhanced catabolism as well as hydrolysis have also been suggested
18
. Regarding non-neutralizing antibodies, it remains debated as to whether these antibodies, or at least any immune response they provoke, are of clinical significance and should be considered as well 19, 20 . . Among these subsets, the CD4+ CD25+ FoxP3+ Treg cells have received the most attention. They originate during thymic T-cell development and are also referred to as natural Tregs. They may also be induced in the periphery from conventional T-cells. Treg activation occurs through antigen-specific binding to T-cell receptors, but the suppression per se appears to be a more non-specific event, which . This may explain the benefits of high dose immune tolerance protocols, but since only one randomized ITI study has been completed in humans, and that study focused on "good risk" patients, the extent to which these in vitro findings are applicable is not clear. Whether the dose as such will be important for the outcome of ITI in other patient groups remain to be studied. 
Risk factors for inhibitor risk
Causative FVIII mutation A three-fold higher risk for siblings to develop an inhibitor, if an inhibitor has previously been identified within the family, has been described 30, 31 . These findings suggest a genetic predisposition for development of inhibitory antibodies. Whether this is true, also, for nonneutralizing antibodies is not yet clear, but logically follows. Interestingly, recent preliminary findings also suggest that the epitopes of these antibodies may be inherited and shared The importance of the causative mutation is well established and in a recent meta-analysis by Gouw et al., the inhibitor risks in patients with large deletions (OR = 3.6, 95% confidence interval (CI), 2.3-5.7) and nonsense mutations (OR = 1.4, 95% CI, 1.1-1.8), were confirmed to be higher than those in patients with intron 22 inversions 32 . A high frequency of inhibitors has also been reported for other mutations, e.g., small deletions/insertions outside A-runs, splice-site mutations at conserved nucleotides at position + or -1 or 2 nucleotides, and certain missense mutations, e.g., Arg593>Cys, Tyr2105>Cys, Arg2150>His, Arg2163>His, Trp2229>Cys and Pro2300>Leu 33 . The determinants of inhibitor formation are far more complex and individually variable than can be described in a meta-analysis. It is surprising that not all patients without circulating endogenous antigen (cross reacting material negative; crm-) form antibodies when exposed to the deficient factor; only some do! The role of the MHC class II alleles is implicated and will be discussed below, but it is certainly the case that as yet unidentified mechanisms will contribute to efficient down-regulation of the immune response in the majority of crm-patients. It is even the case that discordant inhibitor histories within families with large deletions have been described, further proof of the complexity of the system 34 . Therefore, it is worth emphazising that despite odds ratios of the magnitude of 2 to 3 for various risk factors, including the most scrutinized risk factor of all, i.e., the underlying mutation, the predictive value of a specific factor is rather weak and the treater should not, at this point, make therapeutic decisions based on a perceived inhibitor risk, unless these are justified by other circumstances. In crm+ patients, such as those with a mild form of the disease carrying the Arg593>Cys mutation, the association with the underlying mutation appears clearer and whenever possible the use of replacement therapy should be avoided and other hemostatic agents such as desmopressin (DDAVP) used instead 35, 36 .
HLA class II
A point mutation may be associated with inhibitor risk based on the induced conformational changes and/or impaired function. There will also be a close correlation to the HLA class II alleles in each subject. It has been difficult to consistently define risk alleles within the HLA system, presumably due to promiscuity and heterogeneity and the peptides they bind. This does not diminish its importance and critical role. Recently, using computer-based in silico methods, the FVIII-specific T-cell tolerance and inhibitor risk was suggested to correlate with the binding affinity of the oligopeptides to the HLA alleles in subjects with point mutations 37 . . The factors that mitigate the discrepant outcome among patients, including sibling pairs, with this type of mutation may be determined by the number of putative T-cells epitopes in the infused molecule and the abiliy to form stable HLA-peptide complexes. Whether endogenous synthesis may also be relevant for tolerance induction in other cases remains to be investigated.
Immune response genes
The significant capacity of cytokines, chemokines and other immune regulatory molecules to modify immunogenicity and clinical outcome has been reported for a variety of immune mediated diseases, and, in some instances, therapeutic interventions targeting these molecules have significantly improved patient care. Thus far, this is not the case for hemophilia, but several polymorphic candidate genes have been suggested over the last decade. These are summarized in Table 1 40-52 . Based on current understanding, it seems unlikely that a single marker of significantly greater importance than multiple others will be identified. In fact, the associations found between polymorphic genes and inhibitory antibodies have not been consistent across study cohorts and the question, of course, is why? Presumably, the reason is multifactorial and includes differing analytical/technical approaches, study design and insufficient statistical power, the influence of non-genetic factors, and the complexity of the immune response per se. The most consistent and frequently reported polymorphic gene associated with inhibitor risk is the IL 10 gene. This was first reported in the Malmö
International Brother Study (MIBS), but has since been confirmed in other study cohorts and different study designs (Table 1) . Polymorphisms within the promoter region of this gene are associated with modified expression levels and since the IL-10 molecule appears to be a crucial immune mediator with mechanisms of action including modification of T-cell proliferation and cytokine production, promotion of Treg cell proliferation as well as B-cell proliferation and maturation and various effects on APCs, the potential relevance of the 53 . An IL-10 mediated interplay between viral infections, such as HIV, and the antibody response has also been suggested, but the importance for this in patients with hemophilia requires further evaluation 43 . Among the other polymorphic candidate genes reported to be associated with FVIII inhibitors are those coding for tumour necrosis factor α (TNFA) and cytotoxic T-lymphocyte antigen 4 (CTLA4). These have also been replicated in different cohorts, as well. Additional polymorphic markers have been reported but require further evaluation to rule out false positive associations. In the Hemophilia Inhibitor Genetics Study (HIGS), three independent study cohorts were used for replication 33 . 
Race and ethnicity
Variation in inhibitor risk among racial and ethnic groups has been a consistent finding in several studies, e.g. a higher risk in those of African and Latino ancestry, underlining the importance of inherent factors of the individual [56] [57] [58] [59] . The explanation for the discrepancy remains to be elucidated. In the case of subjects of African descent, a 2 to 3-fold higher inhibitor risk has been attributed to the FVIII haplotype and a mismatch between the endogenous FVIII molecule and the molecule in the factor concentrate used for treatment 57 .
However, there are several other genetic markers with a significant degree of ethnic variability, including both HLA class II alleles and the polymorphic profile of immune regulatory genes, all of which may contribute to the outcome 38,58 . 60 . It is hoped that some of the ongoing studies within the field will be able to shed more light and either confirm, or rule out, a number of these factors.
Non-genetic risk factors include those related to treatment, such as the type of product, dosing regimen, switching products, and mode of administration, and those related to immune system challenges and inflammatory processes providing alert signals to the immune system. Apart from outbreaks in the early 1990s due to a modified and neo-immunogenic factor molecule 61,,62 , none of the treatment-related factors have been confirmed, in a rigorously scientific manner, to influence inhibitor risk. This includes the long-standing debate regarding factor concentrate-related immunogenicity, and whether some of the currently available products are associated with more or less risk for inhibitors than others [63] [64] [65] . This is not to say that all FVIII molecules in the concentrates act alike or evoke exactly the same immunological response, but no clinical decisions should be made on the data available today to minimize risk. Rather, other aims and conditions should be the deciding factors. The ongoing Survey of Inhibitors in Plasma-product Exposed Toddlers (SIPPET) study may add to the knowledge base, but for now and the coming years, it is unlikely there will be sufficient evidence with which to base a decision, since all studies will be hampered by heterogeneity among patients, small cohort sizes and lack of statistical power, as well as the inability to adequately adjust for crucial confounding factors. Instead, the reason why treatment has been provided will be of major importance. It is possible that in an inflammatory setting in the presence of alert signals for the immune system, the amount of exposed antigen may be of relevance to risk. Thus, to the degree possible from a medical and safety perspective, treatment should be minimized -in terms of time and amount -to avoid what has been 1 0 termed peak treatment moments [66] [67] . This refers to infusion of factor concentrates for consecutive days for treatment of severe bleeds and/or to cover for surgical procedures. In the Concerted Action on Neutralizing Antibodies in severe hemophilia A (CANAL) study, peak treatment moments for 5 days or more as the initial treatment were associated with an adjusted relative risk of 2 to 3 for inhibitor development 66 . It is logical to assume that replacement therapy in association with immunizations and severe infections should also confer a higher risk of inhibitor formation due to co-existence of alert or danger signals. Yet this has not been observed, perhaps due to study design and/or lack of statistical power, but whenever possible, these procedures and conditions should be provided and treated in the absence of a high antigen load. Starting treatment at a young age by providing the antigen prophylactically, once weekly in relatively low doses in the absence of any alert signals, has been suggested to reduce the inhibitor risk 68 . However, the findings have not been reproducable in other cohorts and a recent study designed to address this potentially beneficial effect of prophylaxis was terminated in advance due to the relatively high frequency of inhibitors 69 . The RODIN study could also not replicate the initial CANAL study findings of a protective effect of use of prophylaxis for the first 20 exposures, i,e, the time period during which most inhibitors develop 70 . Prophylaxis remains the gold standard of treatment and should be used whenever possible, but the tolerogenic benefits and the potential effects of dosing and treatment intervals remain to be settled.
Avoidance and concluding remarks
So, to sum up -to what extent does our knowledge of the pathogenesis and risk factors for development of inhibitors to FVIII permit us to predict and prevent them from occurring?
First, once the immune response has been established and memory cells have been formed, it will likely not be possible to identify single mechanisms and/or factors to target in order to prevent the formation of inhibitors and/or to induce tolerance. Instead, to effectively prevent the antibodies from occurring, it will be crucial to prevent the initial activation of the naïve cells at a young age -perhaps even in utero. Once established, several immune mechanisms and pathways will have the capacity to modify the risk on an individual basis. Subgroups of patients may be defined: the high risk patients with crm -antigen status and HLA class II alleles forming stable peptide complexes with numerous T-cell epitopes; the low risk population with crm+ status, a point mutation associated with minor effects on the secondary and tertiary FVIII structure and HLA class II profiles not able to present the mutated amino
acid(s) to the T-cells (Figure 1 ). An intermediate subgroup of patients will be the most challenging to define. In these subjects, inflammatory markers released in association with immune system challenges and partly genetically defined will probably be discriminative. As a general rule, replacement therapy in association with a systemic inflammatory response should be avoided if possible, feasible and medically defensible. Instead, despite the lack of confirmatory data on inhibitor prevention, when indicated, such as for patients with more severe forms of hemophilia, regular replacement therapy provided at young age to prevent bleeding events in the presence of a minimum of co-existing inflammatory markers is preferable, since this treatment mode, besides being recommended for protection against harmful bleeds, still may be tolerogenic in a subset of patients. If prophylaxis is not possible using peripheral veins then the placement of central lines can be considered; even though the insertion of such devices entails surgery, there is no substantive evidence to show that these procedures increase inhibitor risk. Given risk of infection and other adverse events, a peripheral route of administration should however, if possible, be the first option. Regarding FVIII dosing, dose interval and the proposed preventive effect of low dose prophylaxis at young age, there may be an advantage for high risk patients if treatment could be started with low doses prophylactically, but there are no confirmed clinical data to support this approach, and no data suggesting that an interval of once weekly is preferable to more frequent infusions, provided the factor is not provided in an inflammatory setting. Regarding type of concentrate and inhibitor risk, there is no current information to suggest a more favorable outcome for one product over another. This includes the choice of product used to eradicate the immune response once established 71 . However, due to the potential modulation of exposed epitopes and idiotypic competitive binding by the VWF binding to FVIII, it is not possible to rule out a potential beneficial effect among some patients. Therefore, a VWF-containing FVIII product may be indicated for use in patients failing initial ITI attempts. Immunizations should be provided to all patients according to the same schedule as healthy subjects but, whenever possible, preferentially administered subcutaneously to avoid combined infusion of the deficient factor in a setting of alert signals.
Finally, a patient-specific discriminative predictive score for use before the onset of treatment would be of great value, as more individualized treatment options will presumably be available in the future. Is this possible? Animal models will certainly contribute to reaching this goal, but unlikely be able to address the complex mechanisms in humans. Instead, these models must be derived from studies of patient cohorts with a minimum of variability in constitutional, environmental, and treatment-related factors. Brothers discordant for inhibitor antibodies, especially in crm-subjects. In both animal and human models, the use of immunosuppressive agents, e.g., methotrexate and/or rituximab, with or without IVIG, were found to induce immune tolerance to the deficient enzyme 73, 74 , and a similar strategy may be relevant for patients with hemophilia and evaluation in well-designed studies considered.
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